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Abstract: The super high strength aluminum alloy ingots with 100 mm in diameter were cast by the process of
low-frequency electromagnetic horizontal continuous casting (LFEHC) and the effect of electromagnetic field on the
as-cast microstructure was studied. Results show that microstructure of the sample prepared by the LFEHC process was
greatly refined. Microstructures at the border and the center of the ingots were fine, uniform and rosette-shaped.
Electromagnetic frequency plays a key role in microstructure refining. Fine and uniform microstructures can be obtained
with optimal electromagnetic frequency. In this experiment, under a frequency of 30 Hz the microstructure was the finest
and the most uniform.
Keywords: low-frequency electromagnetic field; horizontal continuous casting; microstructure; Al-Zn-Mg-Cu alloy
CLC number: TG113.1,TG249.7 Document: A Article ID: 1672-6421(2005)01-0048-04
1. Introduction
Super-high strength aluminum alloys are very important
materials in military and aerospace industries, because of
its light density, super high strength, and good hot work
ability. With the development of military and aerospace
industries higher strength and better overall property are
needed
 [1-3]. How to improve strength and overall property
has been the focus of research recently. For Al-Zn-Mg-Cu
alloys, higher alloying element content and higher
precipitate density will result in higher strength. However,
increasing alloying element content may cause serious
grain boundary segregation and the formation of coarse
constituents at grain boundaries. Coarse constituents not
only cause cracks during casting but also decrease the
mechanical properties, such as plasticity, fracture
toughness, fatigue strength, after heat treatment
 [4-8]. In
order to obtain good overall property, the coarse
constituents have to be controlled. Grain refinement is a
good measure to reduce element segregation at grain
boundary and to improve strength, plasticity and
toughness. Casting, Refining and Electromagnetic Process
(CREM) put forward by Vives
 [9,10] can refine grains,
decrease segregation, restrain casting crack and improve
the surface quality of ingots. Based on this process, a new
technique, Low Frequency Electromagnetic Casting
Process (LFEC) was developed by Cui
 [11-13]. It had been
proven that the solubility of alloying elements in grains
was effectively promoted and the macrosegregation was
reduced when solidification took place under a low
frequency electromagnetic field. In this paper, low
frequency electromagnetic field was used in the
Horizontal Continuous Casting Process and effects of
electromagnetic field on the microstructure of the new
super strength Al alloy ingots were studied.
2. Experimental procedure
In this paper the new Al-Zn-Mg-Cu-Zr alloy was used
as the experimental material. Table 1 gives the chemical
composition of the alloy.
Table 1 Chemical composition of the experimental super high
strength Al alloy
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The alloy was melted in a 30 kW furnace at 760 °C.
After degassing, slag removal and grain refinement theVol. 2 No. 1 Effect of electromagnetic field on as-cast microstructure of aluminum alloy
melt was poured into a 12 kW resistance furnace. Then
the ingot was prepared by low-frequency electromagnetic
horizontal continuous casting process at a temperature of
730 °C and at a speed of 125 mm/min. The
electromagnetic field was generated by a 100 turns
water-cooling copper coil surrounding the crystallizer.
During casting, the frequency was fixed at 10, 30, 50 Hz,
respectively and the current intensity was 200 A. A
graphite annulus, with inside diameter, outside diameter
and height of 104 mm, 116 mm and 20 mm, respectively,
was set in the crystallizer. Fig. 1 shows the schematic of
the LFEHC process.
Fig.1 Schematic diagram of LFEHC process
Cubic samples with 15 mm side length were cut from
the upper edge, upper 1/2 radius and center of the ingot,
respectively. After polishing and etching (with 2 mL HF,
3 mL HCl, 5 mL HNO3 and 190 mL H2O), microstructure
of the samples was analyzed by standard optical
metallography using a Leica DMR metallographic
microscope.
3. Results and discussion
3.1 Microstructures of ingots with and without
electromagnetic fields
Under the same casting speed, casting temperature and
cooling water pressure the super high strength aluminum
alloy ingots were cast by DC (direct chilling) process and
LFEHC (using a frequency 30 Hz, and the number of
ampere-turns is 20 000 At) process. Fig.2 shows the
microstructures of DC and LFEHC ingots, Φ100 mm. As
shown in Fig.2 (a), which is taken at the border of a DC
ingot, the microstructure is dendritic and fine. But as
shown in Fig.2(c) and 2(e), the microstructures at the 1/2
radius area and the center are characterized by coarse
dendritic grains. It is obvious that the microstructures of
DC ingot are coarse and non-uniform. The micro-
structures of LFEHC ingot are finer than that of DC ingot,
especially at the 1/2 radius area and at the center. It also
can be seen from Fig.2 (b), 2(d) and 2(f) that the micro-
structures of LFEHC ingot are very uniform. The grains of
LFEHC are fine, uniform and rosette-shaped; furthermore
there are also some global grains.
The reason that the LFEHC ingot microstructures are so
fine and uniform can be explained as follows: The
alternate current generates a time varying magnetic field,
which in turn gives rise to an induced current in the melt.
Therefore, the melt is subjected to electromagnetic body
forces that caused by the interaction of the induced current
and the magnetic field. The body forces contain a
rotational component and a potential component. The
rotational component results in a forced convection. The
forced convection is helpful in the breaking up of dendrite
and enhancing the nuclei separation. So, the number of
nuclei increase and the microstructure are fine and
uniform.CHINA FOUNDRY Feb. 2005
Fig.2 Microstructures of Φ100 mm ingot (a), (c) and (e) are microstructures of the samples taken from upper edge, upper 1/2 radius
and center of the ingot prepared without electromagnetic field; (b), (d) and (f) are microstructures of the samples taken from
upper edge, upper 1/2 radius and center of the ingot prepared with electromagnetic field
3.2 Effects of electromagnetic field frequency on the
microstructure
Electromagnetic field frequency is a very important
parameter in LFEHC Process. In order to study the effect
of electromagnetic field frequency on the microstructure,
the ingots were cast under certain conditions and at
different electromagnetic field frequencies. Fig.3 shows
the microstructures of the ingots prepared under different
electromagnetic field frequencies. The microstructure is
very coarse without electromagnetic field, as shown in
Fig.3 (a), and the microstructures are fine and uniform
with electromagnetic field, as shown in Fig.3(b), 3(c) and
3 (d). It also can be seen from Fig.3 that when the
electromagnetic frequency is 30 Hz the microstructure is
the finest. Too high frequency or too low frequency is not
helpful for the microstructure refining. This is mainly
because of the electromagnetic field skin effect.
The penetration depth of electromagnetic field density
in the metallic melt can be described as δ
Where, σ, μ and f are conductivity of metal melt,
magnetic permittivity of metal melt and frequency of
electromagnetic field, respectively. So, at higher
frequency, more quickly the electromagnetic field
attenuates from the border to the center and lower
electromagnetic field density in the center. If frequency is
too high the electromagnetic field mainly acts on the
region near ingot surface, so the inner microstructure is
not very fine. If frequency is too low, the electromagnetic
fields act on more region than that of high frequency, but
at too low frequency the effective power decreases, so the
inner microstructure is not very fine too. In this
experimental range, at a frequency of 30 Hz, the
microstructure is the finest.Vol. 2 No. 1 Effect of electromagnetic field on as-cast microstructure of aluminum alloy
Fig.3 Effects of frequency on the microstructures of the low frequency electromagnetic horizontal cast ingots: (a) no
electromagnetic field; (b) 10 Hz;(c) 30 Hz ; (d) 50 Hz
4. Conclusions
(1) The low frequency field refines grains greatly and
makes microstructure uniform. Compared with the
microstructures of conventional DC casting ingot (whose
border is fine dendrite while interior is very coarse
dendrite), the microstructures of the new super high
strength aluminum alloy, Φ100 mm ingot prepared by the
process of LFEHC, are much finer and more uniform, at
the border and at the interior of which are fine, uniform
and rosette-shaped microstructure.
(2) Electromagnetic field frequency plays an important
role in the microstructure refining. Too high or too low
frequency is not helpful for refining microstructure. In this
experimental range, at a frequency of 30 Hz, the
microstructure of the new super high strength aluminum
alloy is the finest and most uniform.
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